Cells infected with mammalian reoviruses often contain large perinuclear inclusion bodies, or "factories," where viral replication and assembly are thought to occur. Here, we report a viral strain difference in the morphology of these inclusions: filamentous inclusions formed in cells infected with reovirus type 1 Lang (T1L), whereas globular inclusions formed in cells infected with our laboratory's isolate of reovirus type 3 Dearing (T3D). Examination by immunofluorescence microscopy revealed the filamentous inclusions to be colinear with microtubules (MTs). The filamentous distribution was dependent on an intact MT network, as depolymerization of MTs early after infection caused globular inclusions to form. The inclusion phenotypes of T1L ؋ T3D reassortant viruses identified the viral M1 genome segment as the primary genetic determinant of the strain difference in inclusion morphology. Filamentous inclusions were seen with 21 of 22 other reovirus strains, including an isolate of T3D obtained from another laboratory. When the 2 proteins derived from T1L and the other laboratory's T3D isolate were expressed after transfection of their cloned M1 genes, they associated with filamentous structures that colocalized with MTs, whereas the 2 protein derived from our laboratory's T3D isolate did not. MTs were stabilized in cells infected with the viruses that induced filamentous inclusions and after transfection with the M1 genes derived from those viruses. Evidence for MT stabilization included bundling and hyperacetylation of ␣-tubulin, changes characteristically seen when MT-associated proteins (MAPs) are overexpressed. Sequencing of the M1 segments from the different T1L and T3D isolates revealed that a single-amino-acid difference at position 208 correlated with the inclusion morphology. Two mutant forms of 2 with the changes Pro-208 to Ser in a background of T1L 2 and Ser-208 to Pro in a background of T3D 2 had MT association phenotypes opposite to those of the respective wild-type proteins. We conclude that the 2 protein of most reovirus strains is a viral MAP and that it plays a key role in the formation and structural organization of reovirus inclusion bodies.
Many animal viruses induce the formation of inclusion bodies in the nuclei and/or cytoplasm of infected cells. These inclusions, which may also be termed viral factories, viroplasms, or viral replication complexes, are generally believed to be the sites of active viral genome replication and particle assembly within infected cells (34) . One model for the function of viral inclusion bodies is that they act to concentrate and sequester proteins, nucleic acids, and other small molecules essential for those viral processes. A recent study of cells infected with African swine fever virus (ASFV) showed that its perinuclear inclusion bodies have many of the same properties as cellular aggresomes (28) and may thus arise in part from a programmed cellular response to overexpressed or misfolded proteins (35) .
Various cellular elements have been proposed to participate in forming viral inclusion bodies, including membranous organelles and cytoskeletal elements (10, 14, 38) . For example, the maturation of ASFV inclusions requires an intact microtubular network, and the inclusions are surrounded by a cage of vimentin (intermediate) filaments, two features they share with cellular aggresomes in addition to their perinuclear localization (28) . Members of the Reoviridae family of doublestranded RNA viruses, including orbiviruses, reoviruses, and rotaviruses, form large perinuclear inclusion bodies that are believed to interact with the cytoskeletons of infected cells (13, 18, 46, 52, 55, 56) . Early electron and fluorescence microscopy studies by Dales and by Spendlove and Lennette (13, 55) described a filamentous reticulum of inclusion material within reovirus-infected cells. These filamentous inclusions were shown to be associated with microtubules (MTs) and formed an electron-dense coat surrounding the MTs, in which the viral particles were embedded. The material coating the MTs consisted of thin, coiled filaments and granular material. Subsequently, this coat was shown to be at least partly of viral origin (14) . Treatment of cells with colchicine early in infection caused the inclusions to lose their filamentous characteristics, consistent with a role for MTs in inclusion formation and morphology (55, 56 ). An in vitro study of the association between MTs and purified virions found that the capacity of virions to associate with MTs mapped to the viral S1 genome segment, which encodes the structural protein 1 and the nonstructural protein 1s (1) . A later study found that the viral nonstructural protein NS could be coprecipitated from infected-cell cytoskeletal extracts by using monoclonal antibodies against tubulin or vimentin (43). Sharpe et al. (52) additionally described a reorganization of the vimentin filament network in reovirus-infected CV-1 cells without a discernible effect on the organization of MTs or microfilaments. From these findings, associations between reovirus inclusions and two different cytoskeletal elements, MTs and intermediate filaments, seem likely.
Despite the preceding observations, many questions remain about the viral and host cell factors required for morphogenesis of the reovirus inclusion bodies. Two more recent studies have added the core protein 2 and the nonstructural protein NS to the list of reovirus proteins that may play key roles in inclusion formation (3, 41) . The role of 2 appears especially interesting in that its encoding M1 genome segment was shown to be the primary genetic determinant of a difference in the rate of inclusion formation by either of two reovirus strains: type 1 Lang (T1L) and type 3 Dearing (T3D) (41) . In the present study, we used immunofluorescence (IF) microscopy to identify and analyze a previously unreported difference between the inclusion morphologies of these two strains: inclusions induced by reovirus T1L are filamentous, whereas those induced by our laboratory's isolate of reovirus T3D are globular. Our studies revealed that the filamentous distribution involves association of the viral inclusion material with MTs and that the reovirus M1 genome segment, which encodes the 2 protein, is the primary determinant of this association and the associated difference in inclusion morphology between reovirus strains T1L and T3D. Filamentous inclusions were seen with nearly all (21 of 22) of the other reovirus strains we tested. Other results showed that the 2 proteins from reoviruses that induce filamentous inclusions bind to and stabilize MTs in the absence of the other viral proteins. We conclude that the 2 protein of most reovirus strains is a viral MT-associated protein (MAP) and that it plays a key role in the formation and structural organization of reovirus inclusion bodies.
MATERIALS AND METHODS
Cells and viruses. L cells adapted to spinner culture were maintained in Joklik's modified Eagle's minimal essential medium (Irvine Scientific) containing 2% fetal bovine serum (HyClone), 2% bovine calf serum (HyClone), 2 mM L-glutamine (Irvine Scientific), 100 U of penicillin G (Irvine Scientific) per ml, and 100 g of streptomycin (Irvine Scientific) per ml. HeLa, CHO, CV-1, and Mv1Lu cells were maintained in Dulbecco's modified Eagle's medium (Gibco BRL) containing 10% fetal bovine serum (HyClone) and 10 g of gentamicin solution (Gibco BRL) per ml. The reovirus strains T1L and T3D were laboratory stocks. The isolate of T3D in general use in our laboratory is designated T3D
N . An independent isolate of T3D obtained from the laboratory of L. W. Cashdollar (Medical College of Wisconsin) is designated T3D C . The differences between T3D N and T3D C may reflect their independent culture in different laboratories, possibly dating back to the preceding generation of investigators (B. N. Fields and W. K. Joklik) from whose work the current clonal isolates were derived. We tested the inclusion phenotypes of 22 other reovirus strains obtained from either the Fields laboratory or the T. S. Dermody laboratory (see the supplemental table at http://micro.med.harvard.edu/nibert/suppl/parker02a/suppl2.html for details). Although originally reported as type 2 (32), the clone 12 isolate in use in our laboratory is type 3 based on its capacity to agglutinate bovine erythrocytes, a type 3-specific property (44) (data not shown). We also used previously described T1L ϫ T3D reassortant viruses (reviewed in reference 44). Third-passage L-cell lysate stocks of twice-plaque-purified reovirus clones were used for cell infections.
Antibodies and reagents. Monoclonal antibodies to vimentin (clone V9), ␣-tubulin (B-5-1-2), Cy3-conjugated ␤-tubulin (TUB 2.1), and acetylated ␣-tubulin (clone 6-11B-1) were obtained from Sigma. Alexa 594-conjugated phalloidin was obtained from Molecular Probes. Goat anti-mouse immunoglobulin G (IgG) and goat anti-rabbit IgG conjugated to Alexa 488 or Alexa 594 were obtained from Molecular Probes. The antibodies against viral antigens have been described previously (7, 23, 59) . Antisera against the 1 and 2 proteins were generated in rabbits by the polyclonal antibody service in the animal care unit of the University of Wisconsin Medical School (Madison) by immunization with proteins purified from Escherichia coli expression systems (J. Kim and M. L. Nibert, unpublished data). All antibodies were titrated to optimize the signal-to-noise ratios. All enzymes were from New England Biolabs unless otherwise stated. For some experiments, we used Oregon Green or Texas Red conjugates of NS that were prepared from protein A-purified rabbit anti-NS IgG conjugated to Oregon Green or Texas Red using kits obtained from Molecular Probes. To detect expressed 2, we used a rabbit anti-2 polyclonal serum. During titration of the anti-2 serum, we noted that the serum cross-reacted with a nuclear protein in uninfected cells fixed with paraformaldehyde. However, the cross-reactivity of the anti-2 serum with nuclear proteins was minimal when cells were fixed with 100% methanol at Ϫ20°C for 3 min. We therefore fixed the infected and M1-transfected cells in 100% methanol for these experiments.
Amplification and DNA sequencing of M1 genome segments. Purified cores of reoviruses T1L, T3D C , and T3D N were used to generate plus-strand transcripts. Full-length cDNA copies of each M1 genome segment were synthesized using plus-strand transcripts and a primer corresponding to the 18 5Ј-most nucleotides of the minus strand of the previously published reovirus M1(T3D) sequence (60) with an EcoRI restriction site added to the 5Ј end of the primer. PCR amplification was performed using cDNA, the original primer, and a second primer corresponding to the 18 5Ј-most nucleotides of the plus strand of the published M1(T3D) sequence (60) with an EcoRI restriction site added to the 5Ј end of the primer. For each isolate, the PCR products from two reactions were gel purified and combined before DNA was sequenced. cDNA synthesis and PCR amplification were performed as described previously (27) . Amplification with these primers fixed only the first 5 nucleotides of the M1 coding region.
DNA sequencing was performed at the Dana-Farber/Harvard Cancer Center High-Throughput DNA Sequencing Facility using cycle-sequencing protocols with fluorescent dideoxy terminators (Applied Biosystems-Perkin-Elmer). The first two sequencing reactions were performed with the primers used for PCR amplification. The primers for subsequent reactions were designed from the published sequences of T1L (62) and T3D (60) to provide a complete sequence for each strand of the M1 PCR products. After the complete sequence of each strand was independently determined, the sequences from the two complementary strands were compared. All discrepancies between the sequences from the two strands were resolved by reevaluating the original sequence data.
Cloning the M1(T1L) gene into pCI-neo. We originally obtained the M1(T1L) gene as a gift from E. G. Brown (63) and cloned this gene into pBluescript II KS(ϩ) (pBS) (Stratagene). However, we found that this clone contained two nucleotide changes at position 919 (C to A) and position 1151 (T to C) that caused amino acid changes in the encoded protein sequence compared to our determination of the viral M1(T1L) sequence. Therefore, we used restriction enzyme fragments of our viral M1(T1L) PCR products to correct the abovementioned nucleotide changes and to generate clones pBS-M1(T1L) and pCI-M1(T1L). These clones were subsequently sequenced to ensure that the M1(T1L) gene sequence matched the sequence of our M1(T1L) PCR product.
Cloning T3D M1 genes. The PCR product generated for M1(T3D C ) as described above was cut with EcoRI and ligated to pBS cut with EcoRI. The resulting pBS-M1(T3D C ) was sequenced to ensure that the encoded protein sequence of the cloned M1(T3D C ) gene matched the sequence of the PCR product. The M1(T3D N ) gene was similarly cloned into pBS to generate pBS-M1(T3D N ) and was sequenced. The M1 gene was removed from pBS-M1(T3D N ) and pBS-M1(T3D C ) at the EcoRI sites flanking the gene and ligated to EcoRIcut pCI-neo to generate pCI-M1(T3D N ) and pCI-M1(T3D C ). Generation of M1 mutants at amino acid 208. To change the amino acids at position 208 of different M1 genes, pBS-M1(T3D N ), pBS-M1(T3D C ), and pBS-M1(T1L) were cut with BsrGI and MfeI to remove nucleotides 475 to 639. The small fragment (475 to 639) from pBS-M1(T3D N ) was placed into the pBS-M1(T1L) background to generate pBS-M1(T1L)-P208S. The small fragment (475 to 639) from pBS-M1(T3D C ) was placed into the pBS-M1(T3D N ) background to generate pBS-M1(T3D N )-S208P. All clones were sequenced from nucleotides 300 to 1300 and confirmed to contain no additional changes. The mutated M1 genes were subcloned into pCI-neo as described above for the wild-type genes to generate pCI-M1(T1L)-P208S and pCI-M1(T3D N )-S208P. Transfections and infections. Cells were seeded the day before transfection or infection at a density of 1.5 ϫ 10 4 per cm 2 in six-well plates (9.6 cm 2 per well) containing round glass coverslips (18-mm diameter). The cells were transfected with 2 g of DNA using 6 l of Lipofectamine (Life Technologies, Inc.) as suggested by the manufacturer. For some experiments, acid-washed coverslips were pretreated with poly-L-lysine to improve cell adherence. The cells on coverslips were inoculated with T1L or T3D virus at a multiplicity of infection (MOI) of 5 in phosphate-buffered saline (PBS) containing 2 mM MgCl 2 , and the virus was adsorbed for 1 h at room temperature before fresh medium was added. The cells were further incubated for 12 to 48 h at 37°C before being processed for IF microscopy.
IF and IF microscopy. Cells to be processed for IF microscopy were fixed for 10 min at room temperature in 2% paraformaldehyde or for 3 min at Ϫ20°C in 100% methanol unless otherwise stated. In some cases, the cytoplasm was extracted for 20 s with 0.1% Triton X-100 in 80 mM PIPES [piperazine-N,NЈ-bis(2-ethanesulfonic acid)] (pH 6.8)-5 mM MgCl 2 -1 mM EGTA prior to fixation with methanol. Cells fixed in paraformaldehyde were washed with PBS and permeabilized and blocked in PBS containing 1% bovine serum albumin and 0.1% Triton X-100 (PBSA-0.1%Tx100). After methanol fixation, the cells were incubated in PBSA-0.1%Tx100 three times for 5 min at room temperature (RT), prior to incubation in primary antibody. Primary antibodies were diluted in PBSA-0.1%Tx100 and incubated with the cells for 25 to 40 min at RT. After three washes in PBS, secondary antibodies diluted in PBSA-0.1%Tx100 were added and incubated with the cells for 25 min at RT. Coverslips were incubated with 300 nM DAPI (4Ј,6Ј-diamidino-2-phenylindole; Molecular Probes) in PBS for 5 min to counterstain the cell nuclei, briefly washed in PBS, and then mounted on glass slides with Prolong (Molecular Probes). Samples were examined with either a 63ϫ, 1.4 NA or a 100ϫ, 1.3 NA objective using a Nikon TE-300 inverted microscope equipped with phase and fluorescence optics. Images were collected digitally using a progressive-scan, interline-cooled, charge-coupled device camera (Hamamatsu Corp.) and analyzed with Metamorph 5.1 (Universal Imaging Corp.). Confocal images were collected using a 63ϫ, 1.4 NA oil immersion objective attached to a Zeiss LSM 410 confocal microscope. Sections (0.2 M thick) were collected in each channel, and appropriate controls for fluorescence bleed-through were used. All images were processed and prepared for presentation using Photoshop 5.5 (Adobe Systems, Inc.).
Nocodazole treatment. In preliminary experiments, we found that treatment of CV-1 cells with concentrations of nocodazole as low as 500 nM for 1 h completely depolymerized MTs detected by ␣-tubulin staining. We consequently used a concentration of 10 M nocodazole for all subsequent experiments.
Immunoblot analysis of acetylated ␣-tubulin. To quantify the amounts of acetylated ␣-tubulin in infected and transfected cells, we collected cell lysates 18 to 24 h after infection or transfection. The cells were washed briefly in MT stabilization buffer (MTSB) (80 mM PIPES [pH 6.8], 1 mM MgCl 2 , 1 mM EGTA) and then scraped into 1 ml of MTSB and pelleted. The pelleted cells were resuspended in a small volume of MTSB and then lysed in sample buffer, boiled, and subjected to electrophoresis on 10% sodium dodecyl sulfate (SDS)-polyacrylamide gels. Proteins in the gels were electroblotted to nitrocellulose in 25 mM Tris-192 mM glycine, pH 8.3. Binding of monoclonal antibodies to acetylated ␣-tubulin or to ␣-tubulin was detected with alkaline phosphatasecoupled goat anti-mouse IgG (Bio-Rad) and the colorimetric reagents p-nitroblue tetrazolium chloride and 5-bromo-4-chloro-3-indolylphosphate p-toluidine salt (Bio-Rad). Immunoblots were quantified by densitometry.
Nucleotide sequence accession numbers. The GenBank accession numbers for the new sequences in this study are AF461682, AF461683, and AF461684.
RESULTS

Viral inclusions formed in reovirus T1L-versus T3D
N -infected cells have distinct morphologies. While examining the subcellular distribution of the reovirus nonstructural protein NS in infected cells by IF microscopy, we noted a striking difference between the morphologies of inclusions induced by reoviruses T1L and T3D N . The NS-containing inclusions in T1L-infected cells at 18 h postinoculation (p.i.) formed an irregular meshwork that was concentrated around the nucleus, often in a ringlike structure, with radiating filaments of inclusion material connecting more peripheral nodes. In contrast, the NS-containing inclusions in T3D N -infected cells lacked filamentous extensions and were discrete and globular in shape (Fig. 1 ). The strain difference in inclusion morphology was detected in all of the cell lines we tested (CHO, CV-1, HeLa, L929, and Mv1Lu) ( Fig. 1 and supplemental data at http: //micro.med.harvard.edu/nibert/suppl/parker02a/suppl1.html), although we saw minor differences in the appearance of the T1L-induced filamentous inclusions in some lines (Fig. 1 , compare L929 to Mv1Lu). The distinct inclusion morphologies of T1L and T3D N were also apparent in phase-contrast images of infected cells (Fig. 1) . Larger inclusions were found closer to the nucleus, and smaller inclusions were found mainly in the periphery of cells infected with either strain. The difference N or T1L at an MOI of 5 and then fixed at 18 h p.i. After being processed, the cells were visualized by phase-contrast microscopy (left column) or IF microscopy (right two columns). The inclusions were localized by immunostaining them with rabbit anti-NS serum followed by Alexa 488-conjugated goat anti-rabbit IgG. Scale bars, 10 m.
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between T1L and T3D N inclusions became apparent by 12 h p.i. and could be easily distinguished at 18 h p.i. At 48 h p.i., the difference was still clearly discernible (data not shown). In addition, the MOI did not affect the inclusion phenotype, as the strain-specific morphology of inclusions was clear at multiplicities of 0.5, 5, and 50 PFU per cell (data not shown).
As we had initially detected the difference between T1L and T3D N inclusions using an anti-NS serum, we investigated whether their different inclusion phenotypes could be detected with antibodies against other viral proteins as well. We dually labeled T1L-and T3D
N -infected cells with the anti-NS serum and antisera or antibodies against the reovirus protein NS, 2, 1, 2, or 3 and examined them by IF microscopy. All of these proteins clearly colocalized with NS in both T1L-and T3D N -induced inclusions ( Fig. 2A and data not shown) and thus reflected the same difference between T1L and T3D N inclusion morphologies first detected by staining for NS.
To visualize more clearly the relative distributions of 2 and NS within the viral inclusions, infected cells were extracted prior to fixation (see Materials and Methods). Following this procedure, the 2 protein was seen concentrated in granules on the margins of the inclusions (Fig. 2B ). These 2-containing granules were present in the inclusions induced by both T1L and T3D
N but were more obvious with the latter. The presence of 2 granules on the margins of the inclusions suggests that the inclusions contain significant substructure, which may reflect the fact that different steps in viral replication and assembly take place in different regions of the inclusions (3).
The M1 genome segment determines the phenotypic difference in inclusion morphology. To determine the genetic basis for the difference in inclusion morphology between reoviruses T1L and T3D N , we examined the inclusions induced by viruses from an available panel of T1L ϫ T3D reassortants (9, 16, 44) . The NS-containing inclusions were classified as either filamentous or globular after examination by IF microscopy at 18 h p.i. in Mv1Lu cells. We were easily able to distinguish globular inclusions based on the absence of filamentous extensions connecting more localized accumulations of inclusion material. We found that the morphologies of inclusions formed by the reassortants segregated into two groups that closely resembled the filamentous and globular phenotypes of the two parents (representative examples are shown in Fig. 3) . Analysis of the reassortant genomes revealed that the parental origin of the M1 genome segment segregated with the inclusion phenotype (Table 1) : all reassortants with a T1L M1 formed filamentous inclusions, and all reassortants with a T3D M1 formed globular inclusions. M1 encodes protein 2, which is a structurally minor component of the reovirus core and was localized to the inclusions as discussed above.
The globular inclusion phenotype is uncommon among reovirus strains. Given the dramatic difference in the appearance of the viral inclusions induced by reoviruses T1L and T3D N , we examined the prevalence of the filamentous versus globular inclusion phenotypes among other reovirus strains. Of 22 additional strains (supplemental data are at http: //micro.med.harvard.edu/nibert/suppl/parker02a/suppl2.html), only one other, T3/Human/Wash., D.C./Clone 12/1957 (32) (see Materials and Methods), induced globular inclusions. All 21 other strains, representing all three established serotypes of the nonfusogenic mammalian reoviruses, showed a filamentous phenotype. Interestingly, we found that a different laboratory isolate of T3D obtained from L.W. Cashdollar (T3D C ) showed a filamentous inclusion phenotype similar to those of most other strains and thus dramatically different from the globular phenotype of our own laboratory's T3D isolate (T3D N ). Sequence comparisons of M1 genome segments. To identify the sequences within the M1 genome segment that are responsible for the difference in inclusion morphology, we sequenced cDNA copies of the M1 plus-strand transcripts generated by cores of reoviruses T1L, T3D N , and T3D C . The deduced amino acid differences between these sequences and the previously published M1 sequences are shown in Table 2 . We found two nucleotide differences between our M1(T1L) sequence and the published M1(T1L) sequence (62) . One of these nucleotide changes causes a Leu-to-Phe change in the deduced amino acid sequence of 2 at position 302. The published 2(T3D) sequence also has a Phe at position 302; thus, this change reduces the number of amino acid differences between 2(T1L) and 2(T3D) to 9 from the previously reported 10 (60).
The sequence determined for M1(T3D C ) was identical to the published M1(T3D) sequence (60) . In contrast, the sequence determined for M1(T3D N ) had six nucleotide differences from that of M1(T3D C ). Three of these nucleotide differences cause changes in the deduced amino acid sequence of 2 at positions 150, 208, and 372 ( Table 2 ). The deduced amino acid residues of 2(T3D N ) at positions 150 and 372 are identical to those of 2(T1L). However, 2(T3D N ) differs at position 208 from both 2(T1L) and 2(T3D C ). Analysis of these differences in the amino acid sequences of the 2(T1L), 2(T3D N ), and 2(T3D C ) proteins revealed that T1L and T3D C , viruses that induced filamentous inclusions, had a Pro at position 208 whereas T3D N , a virus that induced globular inclusions, had a Ser at position 208. None of the other deduced amino acid differences between 2 proteins derived from T1L, T3D N , and T3D C correlated with the different inclusion phenotypes (Table 2) . A single-amino-acid difference in 2 may thus be capable of determining the difference in inclusion morphology (see below for further analysis).
The filamentous extensions of inclusions formed by reoviruses T1L and T3D C are colinear with MTs. Given the filamentous nature of the inclusions formed by reoviruses T1L and T3D C , we explored a possible association with cytoskeletal elements. In initial experiments, we used IF microscopy to examine the distributions of NS together with vimentin, actin, and ␣-tubulin in reovirus-infected CV-1 and Mv1Lu cells. A previous study by Sharpe et al. (52) described an association between reovirus inclusions and the intermediate filament protein vimentin, accompanied by significant changes in the vimentin filament network in CV-1 cells at 48 h p.i. At the earlier time point of 18 h p.i. in our experiments, however, we did not detect any significant colocalization between NS-containing inclusions and vimentin in either T1L-or T3D N -infected CV-1 or Mv1Lu cells (Fig. 4A and data not shown) . In addition, at 18 h p.i., the vimentin filament network was only mildly displaced by the inclusions of either strain in CV-1 or Mv1Lu cells (Fig. 4A and data not shown) . In agreement with the results of Sharpe et al. (52), we found no association between the viral inclusions and the actin cytoskeleton (data not shown). There was no obvious disruption of the MTs in T1L-, or T3D N -infected CV-1 and Mv1Lu cells compared to noninfected cells. However, we found that the filamentous inclusions formed in T1L-and T3D C -infected cells were colinear with MTs in images collected by IF microscopy ( Fig. 4B and data not shown) . We used confocal microscopy to confirm the colinearity of MTs and the NS-containing inclusions in T1L-infected cells (Fig. 5) . Although extensive colocalization between ␣-tubulin and NS was not apparent, we noted gaps in the ␣-tubulincontaining MT filaments that were bridged by NS-containing inclusion material (Fig. 5) . We interpret these findings to indicate that the NS-containing inclusion material was coating the MTs and thus occluding the underlying ␣-tubulin in those sections of colinear filaments in which tubulin staining was not observed. The inclusions formed in T3D N -infected cells, although not colinear with the MTs, appeared to be distributed along them (Fig. 4B) . 
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Effects of nocodazole on reovirus inclusions. To investigate the apparent relationship between reovirus inclusions and MTs, we examined the effect of treating reovirus-infected cells with the MT-depolymerizing drug nocodazole. In T1L-infected cells treated with nocodazole for 12 h beginning at 6 h p.i., the NS-containing inclusions at 18 h p.i. were no longer filamentous but were instead round, discrete, smaller, and more numerous than those seen in untreated T1L-infected cells ( Fig.  6A ; compare with Fig. 4B ). In addition, we noted that these small round inclusions were distributed throughout the cytosol rather than concentrated in the perinuclear region. When T3D N -infected cells were similarly treated with nocodazole for 12 h, the NS-containing inclusions at 18 h p.i. remained globular but were smaller and more numerous than those in untreated cells and were also dispersed throughout the cytosol ( Fig. 6A; compare with Fig. 4B ). These findings suggest that intact MTs are required for the formation of filamentous inclusions in T1L-infected cells as well as for the formation of larger perinuclear inclusions in T3D N -infected cells. The filamentous nature of the NS-containing inclusions in T1L-infected CV-1 cells was minimally affected when the cells were treated with nocodazole for 1 h beginning at 17 h p.i. and then processed for microscopy ( Fig. 6B) . Similarly, the globular appearance and perinuclear distribution of NS-containing inclusions in T3D N -infected CV-1 cells was unaffected by treatment with nocodazole for 1 h at 17 h p.i. (Fig. 6B) . We noted, however, that unlike MTs in uninfected or T3D N -infected cells, which were completely depolymerized by nocodazole treatment for 1 h at 17 h p.i., the MTs in T1L-infected cells were largely resistant to depolymerization (Fig. 6B and data not shown). We conclude that MTs are stabilized in T1L-infected cells but not in T3D N -infected cells.
Infection with reoviruses T1L and T3D
C , but not T3D N , induces hyperacetylation of MTs. One commonly used marker for MT stabilization is acetylation of ␣-tubulin (49). We examined the distribution of acetylated ␣-tubulin in reovirus-infected CV-1 cells by IF microscopy using monoclonal antibody 6-11B-1 (48) . The amounts of acetylated ␣-tubulin were increased in T1L-and T3D C -infected CV-1 cells compared to that in mock-or T3D N -infected cells (Fig. 7A) . The amount of acetylated ␣-tubulin in T3D N -infected cells appeared comparable to that in mock-infected cells. We found similar results in Mv1Lu and CHO cells (data not shown). To quantify the difference in the levels of acetylated ␣-tubulin in T1L-, T3D C -, T3D N -, and mock-infected cells, we collected lysates from infected Mv1Lu cells at 18 h p.i. and assessed the amount of acetylated ␣-tubulin relative to total ␣-tubulin by immunoblotting. Lysates from T1L-and T3D C -infected cells contained three-and fourfold more acetylated ␣-tubulin, respectively, than mock-or T3D N -infected cells (Fig. 7B ). Similar amounts of total tubulin were present in all lysates (Fig. 7B) . We conclude that cells infected with reovirus T1L or T3D C have hyperacetylated MTs, indicating that their MTs are stabilized. In contrast, the MTs in T3D N -infected cells have levels of acetylated ␣-tubulin comparable to that in mock-infected cells, indicating that their MTs are not significantly stabilized.
The M1 genome segment determines the level of ␣-tubulin acetylation in infected cells. Given the correlation between the inclusion phenotype and the degree of MT stabilization in T1L-and T3D-infected cells, we hypothesized that the M1 genome segment may also determine MT stabilization. To test this hypothesis, we used immunoblotting to measure the relative amounts of acetylated and total ␣-tubulin in Mv1Lu cells infected with a subset of the T1L ϫ T3D reassortants used for genetic analysis of the inclusion phenotype described above. After ranking the reassortants by the ratio of acetylated to total ␣-tubulin as measured by densitometry, we found that reassortants possessing an M1 genome segment derived from T1L had higher relative amounts of acetylated ␣-tubulin than reassortants with an M1 segment derived from T3D. Statistical analysis of the reassortant data using the Mann-Whitney U test revealed that the parental origin of only the M1 genome segment segregated with this ratio to a significant degree (P ϭ N or T1L at 6 (A) or 17 (B) h p.i. The drug was left on the cells until they were fixed in 100% methanol at 18 h p.i. The cells were immunostained for NS (red) and ␣-tubulin (green) as described for Fig. 4 . The nuclei were counterstained with DAPI (blue). Scale bars, 10 m. 0.0006) ( Table 1 ). The 2-encoding M1 segment is thus the primary genetic determinant of the differences in ␣-tubulin hyperacetylation and, by inference, of the differences in MT stabilization observed in Mv1Lu cells infected with these different viruses.
The 2 protein colocalizes with and causes bundling of MTs in cells transfected with the M1 gene of reoviruses T1L and T3D C but not T3D N . Having shown that the M1 genome segment determines both the inclusion phenotype and the degree of MT stabilization in T1L-and T3D
N -infected cells, we hypothesized that its encoded protein, 2, may colocalize with MTs in cells transfected with cDNA clones of M1(T1L) and M1(T3D C ) but not M1(T3D N ). The M1 genes of reoviruses T1L, T3D C , and T3D N were each cloned into the mammalian expression vector pCI-neo, generating plasmids designated pCI-M1(T1L), pCI-M1(T3D C ), and pCI-M1(T3D N ). We transfected CV-1 cells with the M1-containing plasmids and examined the subcellular distribution of the 2 protein. In cells transfected with pCI-M1(T1L) or pCI-M1(T3D C ), the 2 protein was seen in the cytoplasm and nucleus either diffuse or in small aggregates and was also prominently associated with filamentous structures in the cytoplasm (Fig. 8) . The filamentous structures labeled with the anti-2 serum clearly colocalized with MTs (Fig. 8) , and in many transfected cells, MT bundling was seen (Fig. 8) . In cells transfected with pCI-M1(T3D N ), 2 was similarly distributed, but there was no association of 2 with filamentous structures (Fig. 8) . In all three transfections, 2 was concentrated in the nuclei of some cells (data not shown). While it appears that there may be multiple forms of 2 given the different localizations, it is clear that 2(T1L) and 2(T3D C ) colocalize with MTs whereas 2(T3D N ) does not (Fig. 8) . Exchanging the amino acid at position 208 in 2 changes the association with MTs. Above, we identified variation at amino acid position 208 in 2 as responsible for the differences in inclusion morphology between the T1L, T3D C , and T3D N reoviruses (Table 2 ). To test whether this variation determined the different capacities of these 2 proteins to associate with MTs, we constructed plasmids pCI-M1(T1L)-P208S and pCI-M1(T3D N )-S208P such that residue 208 was changed from Pro to Ser in the encoded 2(T1L) protein and from Ser to Pro in the encoded 2(T3D N ) protein. We then transfected CV-1 cells with each of these plasmids and examined the subcellular distributions of 2 and tubulin as described above. Cells transfected with pCI-M1(T3D N )-S208P contained 2 with a filamentous distribution and clear colocalization with MTs (Fig. 9) , similar to the distribution of 2(T1L) in transfected cells. In contrast, cells transfected with pCI-M1(T1L)-P208S had a 2 distribution pattern similar to that of 2(T3D N ) in transfected cells and thus did not display any filamentous distribution of 2 (Fig.  9) . These results indicate that the difference in distribution of 2 is due to the variation at amino acid 208.
MTs are hyperacetylated in cells expressing 2(T1L) and 2(T3D C ) but not 2(T3D N ). As we had mapped the phenotype of hyperacetylated ␣-tubulin in infected cells to the M1 genome segment, we examined directly whether expression of 2(T1L) and 2(T3D (Fig. 10A) . Additionally, we found that the amount of acetylated ␣-tubulin detected by immunoblotting of cell lysates was greater in cells transfected with pCI-M1(T1L) and pCI-M1(T3D C ) than in cells transfected with pCI-M1(T3D N ) or control transfections (Fig. 10B) . We also analyzed the levels of acetylated ␣-tubulin in immunostained cells expressing the mutant forms of 2 in which residue 208 was alternated between Pro and Ser. In those experiments, increased levels of acetylated ␣-tubulin were seen in cells transfected with pCI-M1(T3D N )-S208P, whereas control levels of acetylated ␣-tubulin were seen in cells transfected with pCI-M1(T1L)-P208S (supplemental data are at http://micro.med .harvard.edu/nibert/suppl/parker02a/suppl3.html), consistent with the filamentous distribution of the former but not the latter (Fig. 9) . C , or T3D N at an MOI of 5, and lysates were collected 18 h later. The lysates were subjected to electrophoresis on 10% polyacrylamide gels and electroblotting to nitrocellulose for immunodetection of acetylated ␣-tubulin (ac. tubulin) and ␣-tubulin (tubulin).
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DISCUSSION
The replication complexes of viruses that reproduce their genomes and assemble their particles in the cytoplasm of host cells are commonly associated with either membranous organelles (36, 51, 58) or elements of the cytoskeleton (24, 26, 29) . Cells infected with reoviruses develop large cytoplasmic inclusion bodies in which viral replication and assembly are thought to occur (45) . In this report, we demonstrated two strain-dependent reovirus inclusion morphologies, filamentous and globular, the former reflecting an association with MTs. Our data indicate that MTs are stabilized following infection with reovirus strains that form filamentous inclusions and that the 2-encoding M1 genome segment genetically determines this phenotype. In support of this finding, MTs formed bundles and were stabilized in cells expressing the 2 protein derived from reovirus strains that formed filamentous inclusions. These properties of MT bundling and stabilization are classically associated with cellular MAPs.
Other cellular and viral MAPs. Cellular MAPs modulate the dynamic instability of MTs. Some MAPs, such as tau, stabilize MTs by binding and reducing the rate of switching from growth to rapid disassembly (30, 37) . Other functions ascribed to MAPs include nucleation of MT polymerization, regulation of organelle transport, and anchoring of proteins involved in signal transduction (37) . The association of MAPs with MTs is regulated by phosphorylation and dephosphorylation, which are performed by specific MAP kinases and phosphatases (31, 33, 54) . Given the similar properties of 2 and MAPs, it will be important to determine whether 2 shares other of their characteristics.
A number of other viral proteins associate with MTs and possess properties similar to those of MAPs. These include the plant tobamovirus movement protein (5), the aphid transmission factor of cauliflower mosaic virus (4), the vaccinia virus A10L and L4R proteins (50) , and the herpes simplex virus type 1 tegument protein VP22 (20) . What roles do these viral MAPs play in the viral life cycles? The plant movement proteins, through their interaction with MTs, are able to transport viral RNA to the plasmodesmata, where the RNA is transported between adjacent cells (2, 15) . The vaccinia proteins A10L and L4R bind to viral cores and interact with the MT cytoskeleton, leading to loss of centrosomal proteins and function; however, it is not known what roles these proteins play in the vaccinia life cycle (50) . The herpes simplex virus type 1 VP22 protein binds and stabilizes MTs (20) and in addition has the property of trafficking intercellularly (21) . VP22 is also found in the nuclei of cells and has been shown to associate with chromatin (19) . We found that 2 is similarly sometimes found in the nuclei of transfected cells, but we found no evidence that it can traffic between cells (J. S. L. Parker, unpublished data). The role of 2 and MTs in reovirus inclusion formation and morphology. Previous ultrastructural studies of reovirus-infected cells demonstrated the presence of MTs within the viral inclusions (13) . Immunoelectron microscopy using ferritinconjugated anti-reovirus antibodies showed that many MTs in infected cells are coated with an unidentified viral protein(s) (14) . Subsequent work demonstrated that NS could be coprecipitated from infected-cell extracts with an anti-tubulin antibody, suggesting that NS might interact with MTs (43). We have found, however, that NS does not associate with MTs when expressed in cells in the absence of other viral proteins (T. J. Broering and J. S. L. Parker, unpublished data). Our findings in this study indicate that MTs in T1L-infected cells are coated with inclusion material containing multiple different viral proteins, including 2, NS, 1, 2, 3, and NS ( Fig. 2 and data not shown) , and that this inclusion material occludes the accessibility of anti-tubulin antibodies to MTs buried within the inclusions. Moreover, we showed that 2(T1L) and 2(T3D C ) colocalize with and stabilize MTs when expressed in cells in the absence of other viral proteins and that the 2-encoding M1 genome segment is the sole genetic determinant of the MT-dependent filamentous inclusion morphology and MT stabilization phenotype of reovirus T1L. Thus, although the filamentous inclusion material seen coating MTs in this and previous studies contains multiple reovirus proteins, the association of that material with MTs is likely mediated by 2.
We believe that in cells infected with most reovirus strains, including T1L and T3D C , 2 firmly anchors the inclusion material to MTs, allowing it to remain spread out along the MTs. We propose that in addition to binding to MTs, 2 must bind to one or more other reovirus proteins in order to anchor the inclusion material to the MTs. In contrast, in T3D N -infected cells, 2 does not firmly anchor the inclusion material to MTs and hence the inclusions develop into globular structures. Our experiments with nocodazole indicate that MTs are nonetheless required for the coalescence of smaller, more peripherally located inclusions into larger perinuclear inclusions in both T1L-and T3D N -infected cells. Thus, a less stable, possibly 2-independent, interaction between reovirus inclusions and MTs likely also occurs, allowing smaller inclusions to be moved from the periphery of the cytoplasm to the perinuclear region as infection proceeds. The viral and cellular mediators of this additional interaction remain to be identified.
Mbisa et al. (41) recently reported that inclusion bodies are seen in T3D-infected L-929 cells by 18 h p.i., whereas inclusions are not seen in T1L-infected cells until 39 h p.i. In both cases, the inclusions were described as globular. This difference in the kinetics of inclusion formation was found to be primarily determined by the M1 genome segment, with the S3 segment playing a secondary role (41) . In contrast, we were easily able to detect inclusions induced by either strain by 18 h p.i. (Fig. 1) . This discrepancy may be due to differences in the fixation procedures used for IF microscopy. We found that the acetone fixation procedure used by Mbisa et al. (41) causes disruption of the filamentous inclusions induced by T1L, making them appear diffuse at earlier times postinfection, whereas the globular inclusions induced by T3D N are relatively unaffected (data not shown). We found no strain difference in the kinetics of inclusion formation when L cells were fixed with 2% paraformaldehyde, with inclusions being detectable 6 to 8 h after infection with either T1L or T3D N (data not shown). Different fixation and permeabilization methods are known to change the subcellular distribution of proteins. Solvent fixation with acetone or methanol causes protein coagulation and disruption of the tertiary structure of proteins, whereas aldehyde fixation causes protein cross-linking and is generally thought to preserve cellular architecture and organelles (42) . We believe that the fixation method chosen by Mbisa et al. (41) prevented those authors from detecting the M1-based strain difference in inclusion morphology and contributed to their conclusion that there is an M1-based strain difference in the kinetics of inclusion formation.
Possible significance of the different inclusion morphologies and similarities of reovirus inclusions to cellular aggresomes. We found that most reovirus strains, including another laboratory's isolate of T3D (T3D C ), induce filamentous inclusions. In some early reports, the inclusions induced by T3D infections were in fact described as filamentous (13) . The rarity of the globular phenotype among our test group (only 2 of 24 strains) suggests that it may confer a selective disadvantage during natural infections or, reciprocally, that the filamentous phenotype may confer a selective advantage. One consequence of a filamentous versus a globular inclusion morphology is that the surface area/volume ratio is much larger for any given volume of inclusion material. The larger surface area of filamentous inclusions may allow for more efficient viral replication through better access to small-molecule substrates or newly synthesized proteins or RNA from the surrounding cytosol. It may also allow more efficient release of newly assembled viral particles from the inclusions, either for later steps in assembly or for infection of other cells. In infected cells, 2 formed granular substructures at the margins of the inclusions, whether the inclusions were filamentous or globular (Fig. 2B) . We suspect that these granules represent sites of active viral genome replication and core assembly. Studies of the in vivo particle morphogenesis of bluetongue virus have shown that the maturation of virions occurs at the periphery of the viral inclusion bodies (8) . Thus, if active genome replication and core assembly by reoviruses occurs at the margins of the inclusions, then filamentous inclusions would provide a larger (47, 48) , followed by Alexa 594-conjugated goat anti-mouse IgG (red). The nuclei were counterstained with DAPI (blue). Scale bars, 10 m. (B) Cells in 60-mm-diameter dishes were transfected with plasmid pCI-neo, pCI-M3(T1L), pCI-M1(T1L), pCI-M1(T3D C ), or pCI-M1(T3D N ), and lysates were collected 18 h later. The lysates were subjected to electrophoresis on SDS-10% polyacrylamide gel electrophoresis gels and electroblotting to nitrocellulose for immunodetection of acetylated ␣-tubulin (ac. tubulin) and ␣-tubulin (tubulin).
surface area for assembly of the outer-capsid proteins onto newly forming core particles to generate mature virions.
A similarity to cellular aggresomes was recently noted for the cytoplasmic inclusion bodies of the iridovirus ASFV (28) . The formation of aggresomes is thought to represent a programmed cellular response to protein overexpression or misfolding, and it occurs to excess in a number of neurodegenerative illnesses, including Alzheimer's and Parkinson's diseases (35) . As we now recognize from findings in this and previous studies, reovirus inclusion bodies share features with aggresomes as well. These features include their perinuclear localization and dependence on MTs for formation and morphology. We have also recently shown that a number of other protein markers of cellular aggresomes are associated with the reovirus inclusions (Parker, unpublished data). The large globular inclusions of our laboratory's isolate of reovirus T3D rapidly develop the appearance of aggresomes as they coalesce in the perinuclear region. The inclusions of reovirus T1L and the other strains with a filamentous phenotype develop more of this appearance at later times in infection, but the continuing filamentous distribution of much of the inclusion material remains a distinctive feature. One possibility is that the role of the reovirus 2 protein in anchoring the inclusions to MTs is to resist the usual process of aggresome coalescence. Further studies are needed to confirm the link between reovirus inclusion bodies and aggresomes and to address the significance of this phenomenon for reovirus replication and its effects on host cells.
Other reported roles of MTs during reovirus infection. In addition to a role for MTs in the morphogenesis of viral inclusion bodies, MTs have been shown to be involved in virus spread to the central nervous system via peripheral nerves in vivo and in the movement of virus from the periphery of cells to the perinuclear region during virus uptake in vitro. MTs are involved in the spread of reoviruses from peripheral inoculation sites along nerves to the central nervous system (57) . This spread along nerves is believed to occur by fast axonal transport along MTs and can be blocked by pretreatment of mice with the MT-depolymerizing agent colchicine (57). It is not known if fast axonal transport of reovirus occurs within vesicles or if viral particles themselves are moved along MTs by attaching to MT motors. The perinuclear accumulation of fluorescently tagged parent virions following infection of L cells is also prevented by treatment of the cells with either colchicine or nocodazole (22) . No link between the roles of MTs in reovirus particle movement and inclusion formation has yet been demonstrated.
Other properties of 2. The 2 protein is found within viral cores in low copy numbers (most likely 12 to 24), close to the icosahedral fivefold vertices (12, 17) , where it may modulate transcription of the viral genome (61). The 2 protein binds both double-stranded and single-stranded RNAs (6) and is a determinant of the NTPase activity of cores (47) . Although a direct enzymatic function for 2 has not been demonstrated, 2 contains two regions of sequence with limited resemblance to the A and B motifs of known NTP-binding proteins (47) . The multiple locations of 2 in transfected cells (e.g., Fig. 8 ) suggest that 2 may assume multiple forms within cells. Posttranslational modifications, such as phosphorylation, are known to modify the intracellular location of proteins in many cases (11) and remain possible for 2. Complex phenotypes associated with reovirus infection are also genetically influenced by the 2-encoding M1 genome segment, including the capacity of reovirus T1L to replicate more efficiently than T3D in mouse primary myocardial cells (40) ; the capacity of T1L, but not T3D, to replicate efficiently in human and bovine endothelial cells (39) ; the capacity of the reovirus 8B variant to cause myocarditis in mice (53) ; the capacity of T1L, but not T3D, to replicate in the endothelium and liver in SCID mice (25) ; and the greater virulence of T1L than T3D in SCID mice (25) . These M1-influenced differences in replication efficiency and pathogenesis suggest that 2 may interact with specific host factors that determine the outcome of infection. Our finding that 2 interacts with MTs suggests several possibilities for how these differences may be determined at the molecular level.
